Abstract. The yeast membrane protein Kex2p uses a tyrosine-containing motif within the cytoplasmic domain for localization to a late Golgi compartment. Because Golgi membrane proteins mislocalized to the plasma membrane in yeast can undergo endocytosis, we examined whether the Golgi localization sequence or other sequences in the Kex2p cytoplasmic domain mediate endocytosis. To assess endocytic function, the Kex2p cytoplasmic domain was fused to an endocytosis-defective form of the a-factor receptor, Ste2p. Like intact Ste2p, the chimeric protein, Stex22p, undergoes rapid endocytosis that is dependent on clathrin and End3p. Uptake of Stex22p does not require the Kex2p Golgi localization motif. Instead, the sequence NPFSD, located 37 amino acids from the COOH terminus, is essential for Stex22p endocytosis. Internalization was abolished when the N, P, or F residues were converted to alanine and severely impaired upon conversion of D to A. NPFSD restored uptake when added to the COOH terminus of an endocytosis-defective Ste2p chimera lacking lysine-based endocytosis signals present in wild-type Ste2p. An NPF sequence is present in the cytoplasmic domain of the a-factor receptor, Ste3p. Mutation of this sequence prevented pheromone-stimulated endocytosis of a truncated form of Ste3p. Our results identify NPFSD as a clathrin-dependent endocytosis signal that is distinct from the aromatic amino acid-containing Golgi localization motif and lysinebased, ubiquitin-dependent endocytosis signals in yeast.
sential for Stex22p endocytosis. Internalization was abolished when the N, P, or F residues were converted to alanine and severely impaired upon conversion of D to A. NPFSD restored uptake when added to the COOH terminus of an endocytosis-defective Ste2p chimera lacking lysine-based endocytosis signals present in wild-type Ste2p. An NPF sequence is present in the cytoplasmic domain of the a-factor receptor, Ste3p. Mutation of this sequence prevented pheromone-stimulated endocytosis of a truncated form of Ste3p. Our results identify NPFSD as a clathrin-dependent endocytosis signal that is distinct from the aromatic amino acid-containing Golgi localization motif and lysinebased, ubiquitin-dependent endocytosis signals in yeast.
C

LATHRIN-mediated endocytosis of plasma membrane
receptors promotes the rapid and efficient uptake of receptor-bound ligands, typically nutrients and signaling molecules important for cell growth and differentiation. Plasma membrane proteins subject to efficient endocytosis contain specific, cytoplasmically disposed amino acid sequences that are necessary for uptake (for review see Trowbridge et al., 1993) . Such endocytic targeting signals often contain an aromatic amino acid (tyrosine or phenylalanine) and serve to direct proteins into clathrincoated pits. The critical importance of aromatic amino acids in the targeting sequences has been established by mutational studies (for review see Trowbridge et al., 1993) . For example, mutation of tyrosine 807 in the low-density lipoprotein (LDL) 1 receptor disrupts clathrin-coated pit localization and thereby prevents uptake from the plasma membrane (Davis et al., 1986 (Davis et al., , 1987 . Furthermore, introduction of a single tyrosine into the cytoplasmic domain of the influenza hemagglutinin protein dramatically increases the efficiency of internalization via clathfin-coated pits (Lazarovits and Roth, 1988) . In addition to the aromatic amino acid--containing motifs, there are also endocytic targeting signals that lack aromatic amino acids but appear to mediate internalization through clathrin-coated pits. Examples of these signals include di-leucine motifs in the CD3 subunits of the T cell antigen receptor (Letourneur and Klausner, 1992) and a lysine-containing signal in the yeast a-factor receptor, Ste2p .
The location of endocytic targeting signals within the cytoplasmic domains of integral membrane proteins allows for interaction with cytosolic factors that mediate uptake. Internalization motifs containing aromatic amino acids or di-leucines serve as recognition sites for the binding of the AP-2 adaptor, a component of clathrin coats (Pearse, 1988; Glickman et al., 1989; Beltzer and Speiss, 1991; Chang et al., 1993; Nesterov et al., 1995; Ohno et al., 1995; Heilker et al., 1996) . Structural analysis of aromatic amino acidcontaining targeting signals suggests that they form a characteristic tight [3-turn, which may provide a common structural determinant for AP-2 binding (Collawn et al., 1990; Bansal and Gierasch, 1991; Eberle et al., 1991; Backer et al., 1992) . Internalization directed by other targeting signals could also involve AP-2 binding, but this has not yet been established.
Aromatic amino acid-containing targeting signals have also been identified in proteins that do not reside primarily at the plasma membrane. Endocytosis directed by these signals is important in the normal trafficking patterns of some of these proteins, including lysosomal acid phosphatase, the TGN proteins furin and TGN38, and the cation-independent and -dependent mannose-6-phosphate receptors (M6PR). For lysosomal acid phosphatase, endocytosis is an intermediate event in the delivery of newly synthesized protein from the Golgi complex to the organelle of residence, the lysosome (Peters et al., 1990) . In the cases of M6PR, TGN38, and furin, endocytosis acts to retrieve proteins to the TGN or endosomes where they are predominantly located (Johnson et at., 1990; Canfield et al., 1991; Bos et al., 1993; Humphrey et al., 1993; Wong and Hong, 1993; Ponnambalam et al., 1994; Sch/ifer et al., 1995) . In contrast to the aforementioned examples, an endocytosis signal was identified in a protein that does not normally reach the plasma membrane, the ER-Golgi intermediate compartment protein, ERGIC-53 (Itin et al., 1995) . Endocytosis of ERGIC-53 was observed when localization was perturbed by overexpression. This finding allowed definition of an endocytic signal, KKFF, which requires the presence of aromatic amino acids in the two COOHterminal positions and may mediate interaction with clathrin coats.
Recent studies in the yeast Saccharomyces cerevisiae also implicate endocytosis in the trafficking of intracellular membrane proteins that aberrantly reach the cell surface. In yeast strains with a mutation in the VPS1 gene (vpsl), which encodes a dynamin-like GTPase, TGN membrane proteins are mislocalized to the vacuole (Wilsbach and Payne, 1993a; Nothwehr et al., 1995) . In vpsl cells also carrying a mutation that blocks endocytosis, a TGN protein accumulates at the ceil surface (Nothwehr et al., 1995) .
This finding argues that the vps! mutation results in routing of TGN proteins to the plasma membrane, where they are internalized and delivered to the vacuole. The same endocytosis mutation by itself does not cause accumulation of the TGN protein at the surface of cells expressing the wild-type Vpsl protein, supporting previous evidence that TGN protein localization does not normally involve retrieval from the plasma membrane (for review see Wilsbach and Payne, 1993b; Nothwehr and Stevens, 1994) . In addition, mutation of the clathrin heavy chain gene (CHC1)
in yeast, which also disrupts TGN protein localization, results in accumulation of the proteins at the cell surface (Payne and Schekman, 1989; Seeger and Payne, 1992) , presumably because of the endocytic defect caused by the chcl mutation (Tan et al., 1993) . These results indicate that TGN proteins are able to undergo endocytosis in yeast and raise the possibility that such proteins might contain endocytosis signals in their cytoplasmic domains. We have used chimeric proteins to address the possibility that the yeast TGN protein, Kex2p, harbors an endocytic signal. We find that the cytoplasmic domain of Kex2p contains a novel aromatic amino acid-containing signal for clathrin-mediated endocytosis that is distinct from the previously reported Kex2p tyrosine-containing TGN localization sequence (Wilcox et ai., 1992) and the previously reported lysine-based endocytosis signal identified in S.
cerevisiae . Furthermore, the aromatic amino acid-containing endocytic sequence is present in the cytoplasmic domain of the a-factor pheromone receptor and is necessary for pheromone-dependent uptake of a truncated form of this receptor.
Materials and Methods
Materials
Unless noted, all reagents were purchased from Sigma Chemical Co. (St. Louis, MO).
Strains, Media, and Genetic Methods
The yeast strains and genotypes used in this work are listed in Table t . DNA transformations were performed by the lithium acetate procedure (Ito et al., 1983) . The ste2A strains were produced by single-step gene replacement (Rothstein, 1994) using plasmid pAB506 (a gift from James Konopka, SUNY Stony Brook, Stony Brook, NY) cleaved with BamHI. Gene replacements were monitored by Southern blotting, immunoblotting, and the halo assay (Sprague, 1994) to verify that the STE2 gene was disrupted. The ste3A strains were produced by single-step gene replacement using plasmid pSL1841 (a gift from George Sprague, University of Oregon, Eugene, OR) cleaved with HindIII. Immunoblotting and mating tests were used to verify gene disruption. SM1581 contains pSM219, a multicopy plasmid carrying Mfal (a gift from Susan Michaelis, Johns Hopkins University, Baltimore, MD).
SD medium is 0.67% yeast nitrogen base (Difco Laboratories, Inc., Detroit, MI) and 2% dextrose with 20 tzg/mt each of uracil, adenine, methionine, histidine, tryptophan, and 30 Ixg/ml lysine. SD CAA medium is SD containing 5 mg/ml vitamin assay casamino acid mix (Difco Laboratories, Inc.). SD-trp is SD without tryptophan and SD CAA-trp is SD CAA without tryptophan. YP medium is 1% Bacto-yeast extract (Difco Laboratories, Inc.), 2% Bactopeptone (Difco Laboratories, Inc.). YPD is YP supplemented with 2% dextrose. YPR is YP supplemented with 2% raffinose. Cell densities in liquid culture were measured in a 1-cm plastic cuvette using a spectrophotometer (model DU-62; Beckman Instruments, Fullerton, CA).
Construction of STEX22 and Mutant Derivatives
PCR and/or conventional suhcloning techniques were used in plasmid constructions. PCR fragments were synthesized using vent DNA polymerase (New England Biolabs, Beverly, MA) and primers were synthesized using an ABI 391 DNA Synthesizer (Perkins-Elmer, Foster City, CA) or purchased from Operon Technologies, Inc. (Alameda, CA). PCR products were purified using the QIAquick PCR purification kit (Qiagen Inc., Chatsworth, CA) before digestion with the appropriate restriction enzymes and separation on TAE agarose gels before subcloning into vectors. All PCR products were Sequenced using Sequenase (United States Biochemical Corp., Cleveland, OH) after subcloning into pBKS (Stratagene, La Jolla, CA).
To create the STE2-KEX2 chimera, PCR fragments encoding relevant portions of STE2 and KEX2 were produced with the creation of a unique BglII site at the chimera junction. A 750-bp fragment of STE2 (Nakayama et al., 1985) encoding amino acids 45-297 was amplified from pRS314-STE2 (Weiner et aL, 1993) using the primers 5'-GCTTCTAGAGTTAA-CAGTACTGTTACTCAG-Y (primer A) and 5'-GGAAGATCTCGTG-GCCCACATTGATGA-3'. A 650-bp fragment of KEX2 (Fuller et al., 1989 ) that encodes the entire cytoplasmic tail of Kex2p from amino acids 701-814 as well as roughly 300 bases of the 3' untranslated region was amplified from pJ2B (Julius et aL, 1984) with the primers 5'-GGAAGATCT-TCAAGGAGAAGGATCAGA-3' (primer B) and 5'-CGCGGATC-CTIT/'TAATACACCAAAGA-3' (primer C). These PCR products were cloned into pCHC-BX8, which contains the 2-kb Xbal-BamHI fragment of CHC1 with a unique BgllI site in pUCll9 (Vieira and Messing, 1987) , to create pUC119-SEX2. This plasmid contains both PCR products joined at their Bglll sites, pRS314-STEX2 was then created by replacing the HpalSacI fragment of pRS314-STE2 with the corresponding fragment of pUCll9-SEX2. This construct encodes Stex2p, a protein that has the entire cytoplasmic COOH-terminal tail of Ste2p (amino acids 298~31) replaced by the entire COOH-terminal tail of Kex2p (amino acids 701-814). To create pRS314-STEX22, which encodes Stex22p, primer A was used with the primer 5'-GGAAGATCTATCTGTGGATGTFGTAAA-3' to synthesize a 820-bp PCR fragment of STE2 encoding amino acids 45-318 To produce the tyrosine 713 mutant, primers B and C were used in a PCR reaction with pCWKXll (Wilcox et al., 1992) as a template. The PCR product was cloned into pBKS-CEX2 (see below) using BgllI and BamHI to produce pBKS-Y713A. The BgllI-SacI fragment of pBKS-Y713A was then placed into pRS314-STEX22 to create pRS314-Y713A.
To facilitate production of Stex22p cytoplasmic tail mutations and deletions, pBKS-CEX2 was created by cloning the Clal-SacI fragment of pUC119-SEX2 into pBKS. Using mutagenic primers, PCR fragments that carry either point mutations or deletions in KEX2 were amplified from pBKS-CEX2, and the PCR fragments then were inserted into this plasmid, replacing the wild-type Kex2p cytoplasmic tail. Fragments containing the mutations were then transferred into pRS314-STEX22 using BgllI and Sacl, replacing the wild-type BgllI-SacI fragment of STEX22. For example, the primer 5'-CCCGATATCATTGATACAGACTCTGAGGC-CGATI'CTACTTTGGACAA-3' was used with primer C to amplify DNA from pBKS-CEX2. (For each primer that produces a point mutation, residues that differ from the wild-type KEX2 sequence appear in bold type.) The PCR fragment was then subcloned into pBKS-CEX2 with EcoRV and BamHI, replacing the corresponding fragment of pBKS-CEX2, to produce pBKS-Y724A. The BgllI-SacI fragment of this plasmid was then subcloned into pRS314-STEX22 to produce pRS314-Y724A. The same PCR product was similarly subcloned into pBKS-Y713A, producing pBKS-Y713A,Y724A, and subsequently pRS314-Y713A,Y724A.
Primers used with primer C to generate internal deletions within Stex22p were 5'-GGAAGATCTATCATI' and 5'-CCCGATATCGGAACTFCCGGAATPACT-3' (718-730A).
The unique HindIII site just downstream of the Kex2p termination codon in pBKS-CEX2 was used to subclone PCR fragments encoding truncations of STEX22 from the carboxy terminus as well as internal deletions. Primers creating these deletions contain a stop codon followed by a HindlII site. Primers used with primer B in PCR reactions and the deletions produced were as follows:
and 5'-CCCAGGCTTATGGGAACT/TI'GCTITATGTI'TGTTAGT-ACACT-3' (776--782A,788").
To produce pRS314-730-endo, a PCR product amplified from primer B and the primer 5'-CCCAAGCTTAGGGATCACTAAAAGGGTTCT-CGTTTGTTAACACATTGTCCAAAGTAGAATCGTA-3' was cloned into pBKS. After sequencing, the EcoRI-HindlIl fragment was removed and ligated into pBKS-CEX2 to create pBKS-730-endo. The BglII-SacI fragment was then subcloned into pRS314-STEX22.
The constructs 793*, 775", 788", 783-788A,793", and 776-782A,788" contain a point mutation introduced by PCR located within the STE2 portion of the gene that replaces methionine at position 180 with isoleucine. The mutation has no effect on endocytosis of Stex22p.
Conversion of individual residues 776-782 to alanine was carried out by oligonucleotide-directed mutagenesis. Mutagenesis was performed exactly as described in Kunkel et al. (1987) . Single-stranded phage was produced by infecting the dut-ung-bacterial strain CJ236 carrying pBKS-CEX2 with the M13K07 helper phage as described in Vieira and Messing (1987) . To purify the single-stranded phage DNA, the phage was precipitated from the media by incubation with 0.2 vol of ice-cold 15% PEG8000 in 3 M NaCI for 1 h on ice, followed by centrifugation at 10,000 g for 10 min at 4°C. The pellet was resuspended in 3 ml of 100 mM Tris, pH 7.5, 100 mM NaCI, and 25 mM EDTA, and the phage was disrupted by addition of an equal volume of 4% SDS and incubation at 70°C for 10 min. The sample was then placed on ice, 3 ml of 2.55 M KOAc was added, and the sample was centrifuged at 15,000 g for 30 min at 4°C. Single-stranded DNA was purified using a Qiagen-tip 100 following the procedure provided by Qiagen, Inc. Mutagenized DNA was identified by new restriction sites introduced by the mutagenic primers. The DNA was sequenced and transferred into pRS314-STEX22 as above. Otigonucleotides used for the procedure and point mutations produced are as follows:
, and 5'-CTITrGCTITATAGGAGCGCI'AAATGGATITI'CG-3' (D781A). To introduce the P782A mutation into Stex22p, the following oligonucleotide was used with single-straded template from pBKS-CEX2 D781A: 5'-AACTITI'GC-qTFATAGCGTCACTAAATGGATr-3' (P782A). Mutagenized DNA was identified by the loss of an Eco471II restriction site present in pBKS-CEX2 D781A.
For construction of pRS314-GAL STE3A365, partial digestion by EcoRI was used to produce a 2-kb SacI-EcoRI fragment containing STE3-A365 under control of the GALl promoter from pSL1922 . This fragment was then inserted into pRS314 (Sikorski and Hieter, 1989) .
To introduce N732A and F734A mutations into Ste3-A365p, a 1.3-kb EcoRI-Sacf fragment from pSL1590 (gift from George Sprague, University of Oregon) was inserted into pBKS to yield pBKS-STE3A365. Oligonucleotide mutagenesis was performed as described above using pBKS-STE3A365 as a template and the oligonucleotide 5'-TCAGAGTCT-GTAGAAGCTGGGGCI'CTAGACFCTI~GCGTGAGGA-3'. After confirming successful mutagenesis by sequencing, a 0.3-kb NdeI-SacI fragment from the mutagenized plasmid was transferred to pRS314-GAL STE3A365 to generate pRS314-GAL STE3A365 APA.
Immunoblotting
For Ste2 and Stex22 constructs, 2 x 107 cells from mid-log phase cultures were pelleted in 13 x 100-ram glass tubes. After addition of 200 ~l of 0.2-mm glass beads and 50 p.l Laemmli sample buffer (Lacmmli, 1970) containing 6 M urea (LSUB), the cells were lysed by vortexing at full speed for 90 s. The lysates were incubated at 37°C for 10 min and then 150 ~l LSUB added. 25 txl of each lysate was loaded onto 9% SDS-PAGE gels, and after electrophoresis the proteins were transferred to nitrocellulose. Stex22p was visualized using affinity-purified antibody that recognizes the cytoplasmic tail of Kex2p (Phan et al., 1994) or an antibody raised against the amino terminus of Ste2p (R708; kindly provided by James Konopka). Ste2p was visualized using antibody R708.
For Ste3-A365p and Ste3-A365APAp, samples were pelleted and lysed as described above for Stex22p. The lysates were incubated at 70°C for 5 min and then 150 Ixl LSUB added. 5 Ixl of each lysate was loaded onto 12% SDS-PAGE gels, and after electrophoresis the proteins were analyzed by immunoblotting using affinity-purified antibodies specific for the cytoplasmic tail of Ste3p ; provided by Nicholas Davis, Wayne State University, Detroit, MI).
Halo Assay
5 × 106 cells were evenly layered on SD-trp plates and allowed to dry. 5 Ixl of a-factor, serially diluted to 5, 1, and 0.2 p~g/ml, was then spotted and the plates were incubated at 30°C overnight. Halo sizes for 5 Ixg/ml a-factor typically ranged from 17-22 mm for STEX22 strains and 12-15 mm for STE2 strains. Strains lacking STEX22 or STE2 gave no halos.
Binding and Endocytosis of Radiolabeled a-Factor
All strains were grown in SD CAA-trp at 30°C unless otherwise indicated. Binding and uptake of radiolabeled a-factor was performed as described (Tan et al., 1993 ) with a 5-min preshift and internalization at 30~C unless otherwise indicated. For each time point, duplicate samples were analyzed and the results averaged. All experiments were repeated at least twice and yielded the same results. A representative experiment is shown in each case.
Pronase-Sensitivity Assay for Ste3-A 365 Endocytosis
Strains GPY 1476 and GPY 1477 were grown for >8 h at 30°C to midlog phase in YPR. Galactose was then added to 2% and ceils were incubated for 1 h at 30°C to induce receptor expression. Cultures were then supplemented with 3% dextrose and incubated for an additional hour to repress further receptor expression. At this point, 108 ceils were removed and brought to 10 mM NaN3 and 10 mM NaF and placed on ice (t = 0). The remaining cells were pelleted and resuspended at 107 cells/ml in a-factor conditioned medium or YPD prewarmed to 30~C. a-Factor conditioned medium was prepared from a saturated culture of SM1581 by sedimenting the cells and supplementing the resulting supernatant with 2% dextrose and 0.2% Bacto-yeast extract. At the designated time intervals, 10-ml samples were removed to ice and treated with NaN 3 and NaF as described above. At the conclusion of the time course, cells were collected by sedimentation, washed once in PB (50 mM Tris-HCl, pH 7.5, 1.4 M Sorbitol, 10 mM NaN3, 10 mM NaF, 40 mM 13-mercaptoethanol, 2 mM MgCI2), resuspended in 2 ml PB, and divided into two 1-ml aliquots. One aliquot was treated with pronase and the other aliquot was mock-treated . After a 1-h pronase treatment at 37°C, samples were placed on ice and received 4.5 × 107 SM1581 cells as carrier plus EDTA to 1 mM and a protease inhibitor cocktail (Tan et al., 1993) . Cells were washed three times in PB plus protease inhibitor cocktail plus 1 mM EDTA, lysed, and analyzed for Ste3-A365p or Ste3-A365APAp by immunoblotting.
Results
Construction and Immunodetection of the Stex22p Chimera
In yeast, the type I integral membrane protein Kex2p resides in a late Golgi compartment (analogous to the mammalian TGN), where it cleaves a-factor prohormone in transit through the secretory pathway (Fuller et al., 1988; Graham and Emr, 1991) . To determine whether Kex2p contains an endocytic signal, we designed a chimeric protein in which the endocytic capacity of the Kex2p cytoplasmic domain could be easily measured. In this chimeric protein, designated Stex22p, the entire 114-amino acid Kex2p cytoplasmic domain replaces the COOH-terminal cytoplasmic domain of the a-factor mating pheromone receptor, Ste2p (Fig. I ). Ste2p is a seven membrane-spanning domain receptor which mediates the clathrin-dependent endocytosis of a-factor pheromone. The NH2-terminal 318 amino acids of Ste2p, which are included in Stex22p, form a functional domain that is sufficient to bind a-factor and activate the signal transduction pathway necessary for the mating response (Konopka et al., 1988; Reneke et al., 1988) . The COOH-terminal cytoplasmic domain of Ste2p is required for endocytosis and desensitization to the effects of the ligand (Konopka et al., 1988; Reneke et al., 1988) . In Stex22p, the Kex2p cytoplasmic sequences are appended to the NH2-terminal Ste2p domain, thereby replacing the Ste2p cytoplasmic domain. Thus, the chimeric protein is designed to bind a-factor through the Ste2p sequences and rely on the Kex2p sequences for endocytosis. This design allows endocytosis of the chimeric protein to be conveniently monitored using established assays for receptor-mediated internalization of u-factor.
The STEX22 gene, driven by the STE2 promoter and carrying the 3' untranslated region of KEX2 to ensure efficient expression, was placed into a single-copy centromerecontaining vector and introduced into cells carrying a deletion of the chromosomal STE2 gene (see Materials and Methods). Expression of Stex22p was monitored by immunoblotting cell extracts with antibodies directed against the COOH terminus of Kex2p and the NH 2 terminus of Ste2p (Fig. 2) (Fig. 2, lane 6) , which is slightly larger than Ste2p (Fig. 2, lane 5) . Species of reduced mobility were also apparent in extracts from both STEX22 and STE2 cells (Fig. 2, asterisks) and correspond to aggregates most likely caused by the hydrophobic nature of these polytopic membrane proteins Konopka et al., 1988) . No reactive proteins were detected in extracts of cells carrying the vector alone, demonstrating the specificity of the antibodies (Fig. 2, lane 4) . The Kex2p antibodies revealed a pattern of Stex22p bands identical to that produced by the Ste2p antibodies (compare Fig. 2, lanes 3 and 6) , as anticipated from the hybrid character of the protein. In cells carrying vector alone or STE2, the Kex2p antibodies detected only the endogenous 130-kD Kex2p (Fig. 2, lanes 1 and 2) . The steady-state amounts of Stex22p were substantially higher than that of Kex2p, reflecting in part the relative strengths of the STE2 and KEX2 promoters. Because of the relatively high expression levels, the low mobility forms of Stex22p masked the signal from Kex2p in STEX22 cells (Fig. 2, lane 3) .
Stex22p Undergoes Clathrin and End3p-dependent Endocytosis
For Stex22p to be useful in endocytosis assays, it must be delivered to the plasma membrane. However, the presence of a Golgi localization signal in the Kex2p cytoplasmic domain presented a potential complication (Wilcox et al., 1992) . Golgi localization of Kex2p can be overcome by overexpression, presumably because of saturation of the localization machinery (Wilcox et al., 1992) . Therefore, we relied on the considerable overexpression of Stex22p compared to Kex2p (Fig. 2, lanes 1-3) indication that Stex22p is present at the cell surface, where it can bind pheromone and trigger the mating response signal transduction pathway (data not shown). Furthermore, STEX22 cells specifically bound radiolabeled a-factor with equivalent binding capacity and affinity to cells expressing Ste2p (data not shown). Thus, significant levels of Stex22p are delivered to the cell surface, where it displays a-factor receptor properties similar to the native Ste2p receptor. Internalization of Stex22p was assessed by monitoring the uptake of prebound radiolabeled a-factor (Tan et al., 1993) . Radiolabeled a-factor was allowed to bind cells on ice in the absence of glucose, which provides an energy source necessary for endocytosis. After removing unbound pheromone, the temperature was elevated for 5 rain, and then glucose was added to initiate endocytosis. Uptake was determined at 5-and 20-min time intervals by subjecting cells to a low pH wash to remove a-factor remaining at the surface. We chose these time points because uptake in wild-type STE2 cells is linear for at least 5 rain and approaches a plateau after 20 min (Tan et al., 1993) . Interestingly, the levels of a-factor internalization by STEX22 cells and STE2 cells were the same at both time points (Fig. 3) , showing that both the rate and extent of Stex22p endocytosis are comparable to Ste2p. Some variation in the relative endocytosis rates of Stex22p and Ste2p was observed in different genetic backgrounds (for example, see Fig. 5 ). Nevertheless, Stex22p uptake was never less that 50% as efficient as Ste2p uptake.
Mutations in a number of genes interfere with Ste2p endocytosis, including CHC1 and the END genes (Raths et al., 1993; Tan et al., 1993; Munn and Riezman, 1994 (Fig. 4 A, open symbols) . As reported previously (Tan et al., 1993) , inactivation of the temperaturesensitive clathrin heavy chain in chcl-ts cells at 37°C immediately reduced uptake two-to threefold relative to the wild-type cells (Fig. 4 A, closed symbols) . Similar results were obtained with Stex22p (Fig. 4 B) . At the permissive temperature, uptake of bound ligand was equivalent in CHC1 and chcl-ts cells, whereas at the nonpermissive temperature, internalization was reduced five-to sixfold. It should be noted that we consistently observed a slightly more severe effect of chcl-ts on Stex22p (five-to sixfold) than on Ste2p (two-to threefold). The end3-1 allele blocks Ste2p uptake almost completely at all temperatures (Raths et al., 1993; Brn6detti et al., 1994) . In cells carrying the end3-1 allele, Stex22p endocytosis was blocked to the same degree as Ste2p (Fig. 5, closed symbols) . The results described in this section indicate that the Kex2p cytoplasmic domain has the potential to mediate efficient endocytosis through a clathrin and END3-dependent pathway.
The Kex2p Golgi Localization Motif Is Not Required for Endocytosis of Stex22p
Previous studies show that mutation of the Kex2p cytoplasmic sequences adjacent to the membrane spanning do- main severely disrupt Golgi localization (Wilcox et al., 1992) . This work defined a tyrosine-based signal for Golgi localization. The similarity of the Kex2p Golgi localization signal to tyrosine-based clathrin-coated pit targeting signals in mammalian proteins, combined with the involvement of clathrin in uptake of Stex22p, led us to address whether the Golgi localization motif functions as an endocytosis signal in Stex22p. For this purpose, mutations were generated in the cytoplasmic domain of Stex22p (Fig. 1 ) that were modeled on mutations shown to cause defects in Golgi localization of Kex2p (Wilcox et al., 1992) . In particular, two deletions were produced, 702-717A and 718-730A, as well as a single amino acid conversion of tyrosine 713 to alanine (Y713A). (All numbering refers to the amino acid positions within the full-length Kex2p sequence. Stex22p contains Kex2p residues 701-814.) Considering the importance of tyrosines in endocytic signals, tyrosine 724 was also converted to alanine (Y724A), although this residue is not important for Kex2p Golgi localization. Finally, we produced a double tyrosine point mutant (Y713A, Y724A), leaving no other tyrosines in the Stex22p cytoplasmic domain. Cells carrying each of these mutant forms of Stex22p were subjected to endocytosis assays (Fig. 6) . Individual point mutants Y713A and Y724A, as well as the 702-717A internal deletion, had no effect on endocytosis compared to wild-type Stex22p. The double tyrosine point mutant Y713A,Y724A and the 718-730A internal deletion displayed slightly reduced uptake compared to wild-type Stex22p. After 5 min of endocytosis, the Y713A,Y724A and 718-730A mutants internalized 18 and 13% bound pheromone, respectively, compared to 31% uptake for Stex22p. After 20 min, the mutants internalized 46% (Y713A,Y724A) and 39% (718-730A), whereas the wildtype internalized 64% of the bound ligand. This corresponds to a 1.5-2-fold reduction in uptake. The absence of GPY 793 (chcl-ts, Ste2p), and GPY 1084 (chcl-ts, Stex22p) . After binding and removal of unbound pheromone as described in the legend for Fig. 3 , cells were incubated for 5 min at the permissive temperature of 24°C (open symbols) or for 5 min at the nonpermissive temperature of 37°C (closed symbols)• Uptake of radiolabeled a-factor at 24 ° and 37°C was measured as described in the legend for Fig. 3 after the indicated internalization time periods. strong endocytic defects exhibited by these mutants argues that the Golgi localization sequence does not also function as an endocytic signal. Further mutagenesis studies presented below confirm this interpretation.
10(3 ----.o---Ste2p
Identification of a Sequence Necessary for Endocytosis of Stex22p
A series of COOH-terminal truncations were constructed to define sequences necessary for endocytosis (Fig. 1) . Initially, we analyzed two truncations, one which removes 21 amino acids (793"), and one which removes 84 amino acids, leaving just the first 30 amino acids of the Kex2p cyto- plasmic domain (730*). The 793* mutant exhibited wildtype uptake of pheromone but the 730* mutant was completely defective (Fig. 7 A) . After 20 min, only 3% of the bound ligand was internalized by the 730* mutant. The results from these truncations indicated that the sequences necessary for endocytosis occur between residues 731 and 793 of the Kex2p cytoplasmic domain. The endocytic defect of 730* further strengthens the conclusion that the Golgi localization signal located between residues 702 and 730 does not function as an endocytic signal. A deletion removing 25 residues from the Stex22p COOH terminus (788*) had no effect on endocytosis while a deletion removing 38 residues (775*) abolished up- take (Fig. 7 B) . Two internal deletions between residues 775 and 788 further defined the endocytic signal. For convenience, these deletions were engineered in the endocytically competent COOH-terminal truncations 793* and 788*. Deletion of amino acids 783-788 within the truncated 793* mutant did not affect endocytosis (783-788A, 793", Fig. 7 B) . In contrast, removal of amino acids 776-782 from 788* resuited in a severe endocytic defect comparable to the 775* and 730* mutants (776-782A, 788", Fig. 7 C) . This analysis revealed that residues 776-782 are critical for endocytosis of Stex22p. The amino acid sequence corresponding to residues 776 to 782 is ENPFSDP (Fig. 1) . We converted each of these residues individually to alanine within the full-length Kex2p cytoplasmic domain and measured internalization of each mutant (Fig. 7 D) . Strikingly, mutation of asparagine 777, proline 778, or phenytalanine 779 eliminated endocytosis of the chimera, with only 1-3% uptake of radiolabeled a-factor after the 20-min time point (Fig. 7 D, N777A, P778A, F779A). Mutation of aspartate 781 to alanine impaired but did not abolish uptake (Fig. 7 D, D781A ).
After 5 min of endocytosis, the D781A mutant internalized just 3% of the bound pheromone relative to 37% uptake for the wild-type Stex22p chimera, and after 20 min the mutant internalized 15% of the bound ligand compared to 73% for Stex22p. These values reveal a five-to tenfold reduction in the rate of internalization for the D781A mutant. In contrast, conversion of glutamate 776, serine 780, or proline 782 to alanine had no effect on endocytosis (Fig. 7 D, E776A, $780A, P782A ) . Therefore, we conclude that asparagine 777, proline 778, and phenylalanine 779 are absolutely required and that aspartate 781 is very important but not required for endocytosis. These point mutations define a signal, NPFXD, that is necessary for uptake of Stex22p. Because these point mutations have 775*
783-788A, 793"
P778A F'/79A S780A D781A P'/82A Figure 7 . Uptake of radiolabeled a-factor in STEX22 mutant strain defines a sequence necessary for endocytosis. Experiments were performed as described in the legend for Fig. 3 been generated in the full-length chimera, it is likely that the NPFXD sequence is the only signal for endocytosis of Stex22p.
The NPFXD Endocytosis Signal Completely Restores Uptake in a Truncated Chimera
To determine whether the endocytosis signal is sufficient for internalization and can function in other sequence contexts, we placed 11 amino acids spanning the signal, VLT-NENPFSDP, at the end of the endocytosis-defective truncation 730* to produce 730-endo (Fig. 1) . Addition of the signal to this endocytosis-deficient mutant completely restored uptake of radiolabeled a-factor to levels equivalent to the wild-type Stex22p (Fig. 8) . Thus, the NPFSD sequence acts as an autonomous signal for endocytosis.
NPF Functions in Endocytosis of a Truncated, Pheromone-dependent Form of the a-Factor Mating Pheromone Receptor
Since the pheromone receptors are internalized as a regular part of their intracellular transport pattern, we sought similar sequences in the cytoplasmic domains of these proteins. The cytoplasmic domain of Ste2p does not contain a sequence with the three critical residues, NPF. In contrast, the a-factor receptor Ste3p contains a sequence NPFSTD beginning at residue 332 in its cytoplasmic domain.
To facilitate examination of the role of NPFSTD in Ste3p endocytosis, we took advantage of a truncated form of the receptor, Ste3-A365p . Ste3-A365p is efficiently transported to the cell surface but, unlike the full-length Ste3p, is not internalized unless pheromone is present. This property allowed us to monitor synchronized endocytosis of receptors initiated by the addition of a-factor. The putative NPF endocytosis signal in Ste3-A365 was mutated to APA (Ste3-A365APAp), and then both wild-type and mutant genes were placed under control of the inducible GALl promoter. The resulting plasmids were introduced into cells carrying a disruption of the chromosomal STE3 locus.
Ligand-stimulated endocytosis of Ste3-A365p and Ste3-A365APAp was compared using a protease protection assay. Receptor expression was induced by incubating cells in galactose-containing media and then repressed by addition of glucose. After a 1-h incubation to ensure that all receptors reached the cell surface, a-factor was added to stimulate endocytosis. The extent of receptor endocytosis was determined at various times by treatment of cells with pronase, which cleaves receptors present at the cell surface. Before pheromone addition (Fig. 9, A and B, lanes 1 and 2), both the mutant and wild-type receptors were almost completely sensitive to pronase, indicating that the bulk of both receptor populations resided at the plasma membrane. Degradation of the receptors was accompanied by the appearance of a proteolytically resistant fragment that is derived from the cytoplasmic domain ( Fig. 9 , asterisk; Davis et al., 1993; Tan et al., 1993) . After pheromone addition, a distinct difference was apparent in the pronase sensitivity of Ste3-A365p and Ste3-A365APAp. Ste3-A365p became resistant to protease, reflecting the sequestration of receptor from the external pronase by endocytosis (Fig. 9 A, lanes 1-10) . Uptake was pheromonedependent as judged by the degradation of the receptor in cells incubated for 90 min in the absence of pheromone (Fig. 9 A, lanes 11 and 12) . In contrast, the Ste3-A365APA receptor remained pronase-sensitive throughout the course of the experiment, revealing a defect in endocytosis (Fig. 9  B, lanes 1-10) . These experiments show that the NPF sequence is necessary for the ligand-induced endocytosis of the Ste3-A365 receptor.
D i s c u s s i o n
We have identified a novel yeast internalization signal, Figure 9 . NPF is necessary for endocytosis of Ste3-A365p. Strains expressing either STE3-A365 (GPY1476) or STE3-365APA (GPY1477) under control of the GALl promoter were grown for 1 h in galactose medium to induce receptor expression. After addition of glucose to repress expression and a 1 h incubation to allow accumulation of receptors at the cell surface, n-factor was added to stimulate endocytosis (a-factor, +). At the designated times, cells were harvested and divided into two aliquots. One aliquot was treated with pronase (Pronase, +) while the second aliquot was mock treated (Pronase, -). Cells were then lysed, the extracts were subjected to SDS-PAGE, and receptors were detected by immunoblotting (arrows). As a control for the liganddependence of receptor endocytosis, one sample was incubated for 90 min in the absence of a-factor (lanes 11 and 12, a-factor, -). The asterisks mark pronase-resistant COOH-terminal receptor fragments.
NPFXD, through the analysis of a chimeric protein. The amino acid sequence derives from the cytoplasmic domain of the late Golgi membrane protein Kex2p and mediates rapid End3p-and clathrin-dependent endocytosis of the Stex22p chimera. Endocytosis is abolished when the asparagine, proline, and phenylalanine are individually converted to alanine, and uptake is severely impaired when the aspartate is changed to alanine. Furthermore, endocytosis is fully restored upon addition of the sequence to an endocytosis-deficient construct. The complete block in uptake when the sequence is mutated and the complete restoration of uptake when the sequence is present argue that the NPFXD sequence is the only signal that mediates uptake of Stex22p.
The NPFXD sequence is only the second internalization signal identified in yeast to our knowledge. The first, DAKSS, was uncovered in the cytoplasmic domain of Ste2p and participates in ligand-induced endocytosis of the receptor . In the context of a truncated form of Ste2p, the lysine in DAKSS is specifically required for uptake, and recent results indicate that phero-mone-stimulated ubiquitination of this residue plays a critical role in the internalization process (Hicke and Riezman, 1996) . Mutation of the DAKSS iysine eliminates ligandinduced ubiquitination and endocytosis of the truncated Ste2p (Hicke and Riezman, 1996) . We attempted to determine whether uptake of Stex22p, like Ste2p, is ligand inducible, but the intracellular pool of Stex22p precluded unequivocal interpretation of experiments designed to measure receptor clearance from the cell surface (Tan, P., unpublished results) . Regardless of the role of ligand in Stex22p uptake, two considerations suggest that ubiquitination may not be necessary for NPFXD-mediated endocytosis. First, the sequence contains no lysine residues for ubiquitination. Second, the 730-endo construct is efficiently internalized. The only lysines in 730-endo are contained in the Ste2p portion of the molecule. A truncated Ste2p that contains these lysines but lacks the DAKSS lysine is not subject to ligand-induced ubiquitination or endocytosis (Hicke and Riezman, 1996) . Consequently, the cytoplasmically disposed lysines within the first 318 Ste2p residues do not act as ubiquitin acceptors after pheromone binding. Because the 730-endo protein contains no other lysines, internalization of this receptor occurs in the absence of sites that serve as ubiquitin acceptors. Therefore, endocytosis mediated by NPFXD is likely to be mechanistically distinct, to some degree, from that mediated by DAKSS. Based on this argument, we suggest that at least two classes of endocytic targeting signals exist in S. cerevisiae: one class contains lysine residues and requires ubiquitination for uptake, and the second class contains a critical aromatic amino acid and may not require ubiquitination.
Analysis of Ste3-A365p revealed that the NPF-based endocytic signal is necessary for ligand-dependent internalization of this form of the a-factor receptor. This finding demonstrates that the NPF endocytic signal is not a feature peculiar to Kex2p but also is found in a protein that normally undergoes endocytosis. Endocytosis of Ste3-A365p differs from full-length Ste3p in the extent of pheromone dependence. Full-length Ste3p is rapidly internalized in the absence of pheromone, while Ste3-A365p requires ligand binding for uptake . The basis for this difference is not clear. Preliminary experiments suggest that mutation of the NPF sequence in the full-length receptor does not impede uptake in the absence of ligand (Howard, J.P., and G. Payne, unpublished results), arguing that some other signal, presumably between residue 365 and the COOH terminus, mediates ligand-independent endocytosis of Ste3p. A recent study indicates that ubiquitination may be involved in endocytosis of both Ste3p and Ste3-A365p (Roth and Davis, 1996) . With the identification of NPF as an endocytic targeting signal in Ste3-A365p, it should now be possible to address the relationship between the NPF signal and ubiquitination in endocytosis of this receptor.
The NPFSD and NPFSTD internalization signals resemble the NPXY internalization signal of the LDL receptor and other plasma membrane proteins that mediates clustering into clathrin-coated pits and uptake into clathrin-coated vesicles (Davis et al., 1986; Chen et al., 1990) . Since mutations in clathrin heavy chain interfere with Stex22p and Ste3-A365p uptake (Tan et al., 1993) , it is possible that NPF also functions as a signal for clathrin-mediated endocytosis. In view of this proposal, it may be noteworthy that Stex22p endocytosis is more severely impaired than Ste2p in chcl-ts cells. Conversion of the asparagine, proline, or tyrosine in the NPXY sequence severely impairs endocytosis of the LDL receptor (Davis et al., 1986 (Davis et al., , 1987 , a result similar to the corresponding mutations within the NPFXD signal of Stex22p. Although a phenylalanine rather than a tyrosine is present in the Stex22p sequence, phenylalanine in place of the tyrosine in NPXY results in normal uptake (Davis et al., 1986 (Davis et al., , 1987 . The NPXY sequence adopts a tight [3-turn conformation, which is implicated as a structural determinant of the endocytic signal (Collawn et al., 1990; Bansal and Gierasch, 1991; Eberle et al., 1991) . It is therefore possible that the NPFXD signal also forms this structural conformation involving a tight turn. Consistent with this idea, the combination of asparagine and proline is a statistically favored pair in type 113-turns, as well as in the first turn of an o~ helix (Wilmot and Thornton, 1988; Richardson and Richardson, 1988) . Further experiments will be needed to establish the conformation of the NPFXD signal.
The sequence in the Kex2p cytoplasmic domain that mediates Golgi localization of Kex2p is also based on an essential aromatic amino acid (tyrosine 713) and resembles clathrin-coated pit targeting sequences in mammalian proteins (Wilcox et al., 1992) . Mutations of this sequence in Kex2p result in Golgi localization defects, but the same mutations in Stex22p have little or no effect on internalization. Conversely, mutations that remove the NPFXD endocytosis signal from the cytoplasmic domain of native Kex2p do not cause Golgi localization defects (Wilcox et al., 1992) . Thus, the cytoplasmic domain of Kex2p carries two functionally distinct, and physically separate, aromatic amino acid-based targeting signals, one for GoIgi localization and one for endocytosis.
Since both Golgi localization of Kex2p and endocytosis of Stex22p are dependent on clathrin function (Payne and Schekman, 1989; Seeger and Payne, 1992 ; this work), it is tempting to speculate that the distinct targeting signals serve as recognition sites for clathrin coat components that differ between the endocytic pathway and the Golgi localization pathway. In mammalian cells, the clathrin-associated protein (AP) complexes differ between plasma membrane clathrin coats (AP-2) and TGN clathrin coats (AP-1) (for reviews see Robinson, 1992; Kirchhausen, 1993) . AP-2 interacts with the cytoplasmic tails of plasma membrane receptors (Pearse, 1988; Chang et al., 1993) , whereas AP-1 specifically binds to the cytoplasmic domains of cationindependent and -dependent M6PR that are sorted in the TGN (Glickman et al., 1989; Sosa et al., 1993) . In yeast, genes encoding proteins homologous to AP-1 subunits have been identified and genetic analysis suggests that they interact with clathrin and Kex2p (Phan et al., 1994; Rad et al., 1995; Stepp et al., 1995) . Thus, Golgi localization of Kex2p may involve interaction between the yeast AP-1 complex and the Kex2p Golgi localization motif. However, although other yeast genes may encode subunits of a plasma membrane AP-2 complex, there is no functional evidence linking these proteins to clathrin-mediated endocytosis (Phan et al., 1994; Rad et al., 1995; Stepp et al., 1995; Tan, P., H, Phan, and G. Payne, unpublished) , Con-sequently, there are no promising candidates for NPFXDrecognizing yeast proteins at present.
Why is there an endocytosis targeting signal in the cytoplasmic domain of the Golgi-localized Kex2p? By analogy with the mammalian TGN proteins such as M6PR, TGN38, and furin, the endocytosis signal could function in retrieval from the plasma membrane. However, unlike the mammalian TGN proteins that cycle between the TGN, plasma membrane, and endosomes (for reviews see Nilsson and Warren, 1994; Sandoval and Bakke, 1994) , the current evidence supports a model for Kex2p localization in wildtype cells that involves direct cycling between endosomes and the TGN without transport to the plasma membrane (for reviews see Wilsbach and Payne, 1993b; Nothwehr and Stevens, 1994) . For example, significant levels of Kex2p do not reach the cell surface in wild-type cells even when Kex2p is mislocalized by overexpression or by mutation of the Golgi localization signal (Wilcox et al., 1992) . In these cases, mislocalized Kex2p reaches the vacuole without traveling via the plasma membrane. Thus, endocytic retrieval is not expected to be an important aspect of Kex2p localization in wild-type cells. In support of this model, removal of the endocytosis signal from Kex2p in wild-type cells does not result in the appearance of the protein at the plasma membrane, even if the Golgi localization signal is also absent (Wilcox et al., 1992) . We speculate that yeast cells growing in the wild may experience conditions that result in a degree of Kex2p mislocalization to the cell surface. Under these conditions, retrieval of Kex2p from the surface could provide the selective pressure for evolution of a functional endocytic targeting sequence.
In conclusion, we have identified a novel yeast endocytosis targeting signal, NPFXD, that is unrelated to the previously identified signal in the Ste2p cytoplasmic domain. Although both sequences direct internalization through End3p-and clathrin-dependent pathways, the Ste2p signal requires ubiquitination while the NPFXD sequence may act independently of the ubiquitination process. We suggest that the NPFXD sequence serves as a specific recognition site for the endocytic apparatus. The availability of endocytosis-defective mutants of this signal with single amino acid changes will greatly facilitate efforts to identify endocytosis apparatus components that recognize the signal.
